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We explore phenomenological implications of the minimal supersymmetric standard model
(MSSM) with a strong supersymmetry breaking trilinear term. Supersymmetry breaking can trigger
electroweak symmetry breaking via a symmetry-breaking seesaw mechanism, which can lead to a
low-energy theory with multiple composite Higgs bosons. In this model, the electroweak phase tran-
sition can be first-order for some generic values of parameters. Furthermore, there are additional
sources of CP violation in the Higgs sector. This opens the possibility of electroweak baryogenesis
in the strongly coupled MSSM. The extended Higgs dynamics can be discovered at Large Hadron
Collider or at a future linear collider.
I. INTRODUCTION
The minimal supersymmetric standard model (MSSM)
provides an appealing framework for physics beyond the
Standard Model. However, the lack of direct experi-
mental evidence for superpartners, as well as the recent
discovery of a Higgs boson with a mass that is heav-
ier than one would naively expect in the MSSM, chal-
lenges the viability of low-energy supersymmetry in its
simplest realizations. At the same time, there exists a
possibility for a strongly coupled form of MSSM, which
is associated with a large value of the trilinear super-
symmetry breaking coupling [1–3]. In this strongly cou-
pled regime, the squarks form bound states via the ex-
change of Higgs bosons, creating some additional com-
posite states, which can have some non-zero vacuum ex-
pectation values (VEVs).
This class of models has several intriguing features.
First, the particle content of the low-energy effective the-
ory is different from what one expects in the MSSM: in
particular, the model predicts more Higgs bosons and
fewer superpartners to be observed at the electroweak
scale. Second, the bound state quartic coupling is not
related to the gauge coupling, which relaxes the upper
bound on the mass of the lightest Higgs boson [3]. Third,
the model contains gauge singlet states, whose presence
allows for the electroweak transition to be first order; this
model also has additional sources of CP violation. The
latter creates sufficient conditions for electroweak baryo-
genesis, as we discuss below.
In this paper we will explore the ramifications of
strongly coupled MSSM for electroweak baryogenesis, as
well as collider phenomenology.
II. SYMMETRY BREAKING SEESAW
Let us briefly review the strongly coupled phase of the
MSSM [1–3]. Supersymmetry breaking introduces the
following trilinear terms in the Lagrangian:
AtHu t˜
∗
Lt˜R + h.c., (1)
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FIG. 1. The kernel of the bound state Higgs doublet.
and a similar term in the down sector. If the coupling
At is sufficiently large, the stop squarks present in the
theory can form bound states. One of these bound states
is an SUL(2) doublet with the same quantum numbers
as the fundamental Higgs boson Hu. The kernel of this
state is shown in Fig. 1. Although it is a crossed kernel,
as opposed to the more familiar ladder diagram, the mass
of the bound state can be found numerically as a func-
tion of At, and sufficiently large couplings can cause the
mass squared of the bound state, m2BS , to become neg-
ative [3]. If this happens, electroweak symmetry break-
ing occurs. It is an interesting feature of the model that
electroweak symmetry breaking is triggered by supersym-
metry breaking in a way that is fundamentally different
from the weakly coupled MSSM.
The discussion in Refs. [1, 2] and, in part, in Ref. [3],
considered such large values of At for which m
2
BS < 0.
However, as was pointed out in Ref. [3], this is a suf-
ficient, but not necessary condition. It is possible that
supersymmetry breaking would trigger electroweak sym-
metry breaking even for some much lower values of At.
The bound-state composite Higgs doublet generically
mixes with the fundamental Higgs doublet, due to the
same AtHu t˜
∗
Lt˜R coupling. Thus the mass matrix, in the
basis of Hu and the bound state, has the form
M2 =
(
m2h αA
2
t
α∗A∗ 2t m
2
BS
)
, (2)
where α is a numerical constant determined by strong
dynamics, mh is the mass term of the fundamental Higgs
doublet, and mBS is the mass of the bound state dou-
blet. A negative eigenvalue in this mass matrix signals
2that electroweak symmetry is broken, which can happen
when both diagonal elements are positive. One of the
eigenvalues is negative when
m2hm
2
BS − |α|2|At|4 < 0, (3)
which is possible for any positive values of mBS and At,
provided that mh is a small enough (positive) number.
The possibility of breaking electroweak symmetry for a
relatively small At, smaller than the value required to
drive the bound state mass to zero, opens a broad range
of possibilities in the MSSM, which were not considered
in Refs. [1, 2]. This type of symmetry breaking, which
relies on the mixing and the mass matrix similar to the
seesaw neutrino mass matrix, was dubbed a symmetry-
breaking seesaw mechanism [3].
An additional benefit of the symmetry-breaking seesaw
mechanism is that it automatically preserves SUC(3).
The two squarks in the bound state carry color, and
the bound states of the form shown in Fig. 1 include an
SUC(3) octet along with the color singlet. If the octet
acquires a non-zero VEV, it would break SUC(3) making
the model unacceptable. However, to acquire a VEV, the
bound state must mix with the fundamental Higgs bo-
son, which is only possible for an SUC(3) singlet state.
The quantum numbers of the fundamental Higgs boson
of the MSSM dictate the pattern of symmetry breaking
by selecting the only state that is phenomenologically
acceptable, among the numerous possibilities.
III. DESCRIPTION OF BOUND STATES
In Ref. [3], the primary focus was the possibility of
spontaneous symmetry breaking; in this current work,
we are interested in phenomenology. Let us begin with a
discussion of the bound states present in this model. In
addition to the SUL(2) doublet mentioned above, there
are SUL(2) singlets and SUL(2) triplets; an example of
the relevant kernels are shown in Fig. 2. The vertices
in these bound states are all proportional |At|; because
Yukawa interactions are attractive in all channels, all of
these states exist if the doublet bound state mentioned
above exists. We will assume that only At (and possi-
bly Ab) are large enough to produce bound states; these
bound states appear in the up and down Higgs sectors
respectively. We have summarized the possible bound
states, along with their quantum numbers, in Table I.
Let us summarize the states present in the model and
their salient features. We observe that rows 1 and 2 in
Table I are hermitian conjugates of each other; conse-
quently, these rows may be combined to form complex
representations. Rows 3 and 4 may also be similarly
combined. Thus, the first two rows in the table describe
a complex SUL(2) triplet and a complex SUL(2) singlet,
while the next two rows describe another complex SUL(2)
singlet. All of these states carry color charge, and they
all also have fractional electric charge. The implications
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FIG. 2. Other kernels for squark bound states which produce
SUL(2) singlets and triplets.
Squarks SUL(2) Charge SUC(3) Charge UY (1) Charge
1 t˜Lt˜L 2⊗ 2 = 3⊕ 1 3⊗ 3 = 6⊕ 3¯ 1/3
2 t˜∗Lt˜
∗
L 2¯⊗ 2¯ = 3¯⊕ 1 3¯⊗ 3¯ = 6¯⊕ 3 −1/3
3 t˜Rt˜R 1⊗ 1 = 1 3⊗ 3 = 6⊕ 3¯ 4/3
4 t˜∗Rt˜
∗
R 1⊗ 1 = 1 3¯⊗ 3¯ = 6¯⊕ 3 −4/3
5 t˜Lt˜
∗
R 2⊗ 1 = 2 3⊗ 3¯ = 1⊕ 8 −1/2
6 t˜Rt˜
∗
L 2¯⊗ 1 = 2¯ 3⊗ 3¯ = 1⊕ 8 1/2
7 t˜Lt˜
∗
L 2⊗ 2¯ = 3⊕ 1 3⊗ 3¯ = 1⊕ 8 0
8 t˜Rt˜
∗
R 1⊗ 1 = 1 3⊗ 3¯ = 1⊕ 8 0
TABLE I. Quantum numbers of bound states; note that in
SU(2), the antifundamental representation 2¯ is identical to
the fundamental representation 2. Line numbers are provided
for ease of reference in the text.
of these states will be discussed further in Section VIII
on collider phenomenology.
Similarly, the next two rows (5 and 6) are also hermi-
tian conjugates of each other, which may be combined
into a complex SUL(2) doublet. This is the doublet dis-
cussed in Section II above. As mentioned, there are ad-
ditionally 8 colored states which do not generally acquire
vacuum expectation values. The last two rows (7 and 8)
describe two real singlets and one real triplet; these come
in both colored and colorless versions. As we will show in
Section V, the electroweak phase transition is generally
first order due to these singlets.
Thus, we see that our model of strongly interacting su-
persymmetry has a rather extended Higgs sector. With
so many degrees of freedom, it is important to ensure that
no colored states acquire a vacuum expectation value.
We note that there are no terms which involve only a
single colored field, because the Lagrangian must be in-
variant under SUC(3). Thus, even if all uncolored states
acquire non-zero vacuum expectation values, there is no
term linear in a colored field; such a term would neces-
sarily induce spontaneous symmetry breaking of SUC(3).
These colored fields generally acquire corrections to their
mass values during electroweak symmetry breaking; we
3will assume that their masses sufficiently large that these
corrections do not drive any of the mass-squared values
negative.
The full model, including both up and down sectors,
is rather complicated. Therefore, we will make the sim-
plifying assumption that the sectors are relatively decou-
pled, and we will only consider the up sector. It is also
possible that the bound states form only in the up sec-
tor. We expect our results to hold in the more general
model. Next we will proceed to discuss the phenomenol-
ogy of our model. First, we will discuss flavor-changing-
neutral-currents; this is a concern in any model in which
extra Higgs doublets are present. Second, we will con-
sider the properties of the electroweak phase transition
in this model. Then we will discuss CP violation and
baryogenesis, and, finally, we will make some remarks
regarding collider phenomenology.
IV. FLAVOR CHANGING NEUTRAL
CURRENTS
Any model which introduces additional Higgs dou-
blets must address the issue of flavor-changing-neutral-
currents (FCNCs), which are highly constrained exper-
imentally and generically large when additional SUL(2)
doublets are introduced. One well-known method of sup-
pressing FCNCs is to have the doublets couple to dif-
ferent types of quarks; for example, in the MSSM the
Higgs doublet Hu only couples to up-type quarks and
the doublet Hd only couples to down-like quarks. This
suppresses FCNCs provided that the mixing between the
two doublets (after supersymmetry is spontaneously bro-
ken) is not too large; this assumption that the sectors are
relatively decoupled is made both by the MSSM and our
model.
However, even if the up-sector and down-sector are de-
coupled, our model potentially has large FCNCs because
we have two doublets within each sector; in particular,
both the fundamental doublet Hu and the bound state
doublet Φu couple to up-type quarks. Therefore, we con-
sider a second way of suppressing FCNCs: if diagonal-
izing the quark matrix with respect to interactions with
one of the doublets also approximately diagonalizes the
quark matrix with respect to interactions with the other
doublet, then FCNCs are small, because they are pro-
portional to the off-diagonal elements. Equivalently, FC-
NCs are suppressed if the Yukawa couplings between the
quarks and the first doublet are be approximately pro-
portional to the Yukawa couplings between the quarks
and the second doublet. This approach is typically disfa-
vored because it frequently requires fine-tuning, but we
will demonstrate that this condition is naturally satisfied
by our model.
We recall that the bound state doublet is comprised of
up squarks exchanging Hu bosons. We note that there
is no tree-level coupling between up-squarks and quarks;
however, there is a tree-level coupling between Hu and
Hu
=
q
q¯
Φu
q¯
q
Φu
+ . . .
FIG. 3. The lowest order diagram for the Yukawa coupling
between quarks and the bound state Higgs doublet.
Φu
t˜∗R
t˜L
q¯
q
X
FIG. 4. The next order diagram for the Yukawa coupling
between quarks and the bound state Higgs doublet. The pos-
sibilities for particle X depends on the quarks involved, as
discussed in the text.
the quark: the Yukawa coupling yq. Therefore, to lowest
order, an up-type quark sees only the Hu contribution in
the bound state, and so the coupling between the quark
and the bound state is y′q = βyq.
The above argument is shown diagrammatically in Fig.
3; the lowest order contribution to the Yukawa coupling
between a quark and the bound state Higgs doublet
comes through the exchange of a true Higgs boson Hu.
Therefore, it is proportional to the Yukawa coupling yt,
and the proportionality constant β describes the mixing
between Hu and the bound state Φu. This mixing β is
clearly independent of the quark involved on the right
hand side of the diagram. Therefore, the Yukawa cou-
plings satisfy y′q = βyq, and hence FCNCs are indeed
suppressed naturally, without fine-tunings.
We may be concerned about corrections from higher
order diagrams; particularly in regards to the up-quark
Yukawa coupling, which is quite small. The next order
corrections will come from diagrams like those shown in
Fig. 4, in which particle X is a gaugino. However,
if the incoming quarks are up quarks, then the gaugino
must convert an up quark into a stop squark, and the
only gauginos which can change flavor is winos. How-
ever, these are forbidden; winos can change up quarks
only into down, strange, or bottom squarks. Thus, there
are no contributions from diagrams of this form to the
up quark and charm quark Yukawa couplings. Such dia-
grams do contribute to the top quark Yukawa coupling;
for example, in this case the exchanged gaugino could
be a gluino, Zino, photino, or Higgsino. However, these
are all smaller than the first order contribution discussed
above.
For future reference, let us relate yq and y
′
q to the
4Yukawa couplings between the quark and the mass eigen-
states; this will be relevant in our discussion of baryoge-
nesis in Section VI below. Let us assume that the mass
eigenstates are related to Hu and Φu by
Ψ1 = cos(θ)Hu + sin(θ)Φu
Ψ2 = − sin(θ)Hu + cos(θ)Φu. (4)
Then the relevant Yukawa couplings are given by
y1q = cos(θ)yq + sin(θ)y
′
q
= (cos(θ) + β sin(θ)) yq
y2q = − sin(θ)yq + cos(θ)y′q
= (− sin(θ) + β cos(θ)) yq. (5)
In particular we note that
y2q =
− sin(θ) + β cos(θ)
cos(θ) + β sin(θ)
y1q, (6)
and we expect β ∼ sin(θ) due to its close relation to the
mixing.
V. ELECTROWEAK PHASE TRANSITION
Let us briefly discuss the evolution of this model
with temperature. At sufficiently high temperatures,
the model behaves as the standard (weakly interacting)
MSSM. At lower temperatures, the model undergoes a
phase transition to a strongly interacting phase, and elec-
troweak symmetry breaking takes place. One can make
an analogy with QCD, which is described by quarks and
gluons at high temperature, but at some lower temper-
atures baryons and mesons become the appropriate de-
grees of freedom. Likewise, in our model one should use
the fundamental degrees of freedom of MSSM for temper-
atures well above a TeV, but one should consider bound
states as new degrees of freedom at low temperatures.
In the strongly coupled phase, the model should be
described by an effective Lagrangian written in terms of
low-energy degrees of freedom, which include the bound
states. Ideally, one would like to calculate all the parame-
ters in terms of the parameters of MSSM, which is the ul-
traviolet completion of the theory. However, because the
theory is strongly coupled, it is not feasible to calculate
these parameters explicitly. A calculation on the lattice
may be possible [4], but no detailed results are available
at present. In the absence of such a calculation, one can
only parametrize the low-energy couplings using generic
values consistent with symmetries. (This is analogous to
the approach that one took to strong interactions before
QCD was discovered and understood.) Obviously, this
approach is limited in what can be predicted. However,
since the values of “fundamental” MSSM parameters in
the high-energy Lagrangian are unknown and are not
strongly constrained, the low-energy effective approach
appears to be well justified.
We will now discuss the electroweak phase transition,
which can be generically first-order in this model. We
note that the colorless SUL(2) gauge singlets are not
associated with any symmetry breaking; therefore, they
may acquire vacuum expectation values in the strongly
coupled phase. Such vacuum expectation values have no
physical meaning and may be removed with a field re-
definition that makes the tadpole diagrams vanish order-
by order in perturbation theory. We will assume that
this has been done in writing the effective potential. We
have already shown that the colored fields do not ac-
quire nonzero VEVs, and we will neglect them for the
remainder of this section. The effective potential for the
colorless Higgs fields is written in Appendix A; the cubic
terms given in Equation (A3) are particularly important
for the first-order phase transition. The notation used
in the Appendix and this section is as follows: the com-
plex SUL(2) doublet mass eigenstates are Ψ1 and Ψ2,
where Ψ1 has a negative mass-squared eigenvalue due
to the seesaw symmetry breaking mechanism, the real
SUL(2) singlet mass eigenstates are S1 and S2, and the
real SUL(2) triplet field is V .
Due to the negative mass-squared of Ψ1, the origin
of the potential is not a local minimum and at least
the neutral component of doublet Ψ1 acquires a nonzero
vacuum expectation value. The terms AS1S1Ψ
†
1Ψ1 and
A˜S1S2Ψ
†
1Ψ1 produce terms linear in S1 and S2 respec-
tively, and so consequently 〈S1〉 = 0 nor 〈S2〉 = 0 can
be a local minimum. Hence, once Ψ1 acquires a non-
zero vacuum expectation value, the singlets also acquire
a nonzero vacuum expectation value.
When both Ψ1 and the singlets have acquired non-zero
VEVs, the neutral component of the other doublet, Ψ2,
must also acquire a nonzero vacuum expectation value
due to terms such as S1Ψ
†
1Ψ2; the charged component
does not acquire a nonzero vacuum expectation value.
Next let us consider the triplet; we parametrize it as
V a = (V1, V2, V3). The cubic terms in Equation (A3)
include
Ψ†1σ
aV aΨ1 = Ψ
†
1
(
V3 V1 − iV2
V1 + iV2 V3
)
Ψ1 (7)
= Ψ†1
(
V 0/2 −V +/√2
−V −/√2 −V 0/2
)
Ψ1, (8)
where we have identified the charge states. When the
neutral component of Ψ1 acquires a nonzero vacuum ex-
pectation value, the above equation produces a term lin-
ear in V 0; consequently, this field also acquires a vacuum
expectation value. The consequences of this for the ρ0
parameter and neutrino masses is discussed in Section
VII.
The presence of gauge singlet Higgs states and the ex-
istence of tree-level cubic couplings generically make the
phase transition strongly first-order. This is in contrast
with the Standard Model and MSSM, in which the cu-
bic terms are forbidden by the SUL(2) symmetry. In the
5Standard Model, the transition is not first-order for the
allowed range of the Higgs masses (more specifically, for
the Higgs mass above 45 GeV). In the MSSM, the tran-
sition is weakly first order, and only for such parameters
for which the two-loop corrections generate a sufficient
barrier in the potential [5–8]. In our case, finite tem-
perature corrections, calculated in the same manner as
in the Standard Model [9], [10], produce terms propor-
tional to T 2M2, where M2 are the mass eigenvalues of
the shifted fields, as functions of the vacuum expectation
values. When the fields are shifted, the cubic terms pro-
duce terms in the mass eigenvalues linear in the vacuum
expectation values. Such linear terms produce a barrier
which results in a strongly first order phase transition.
This is identical to that manner in which singlets pro-
duce a barrier in the Next-to-Minimal Supersymmetric
Model (NMSSM) [11–13].
The potential written in Appendix A has many param-
eters describing the cubic and quartic terms; this makes
a comprehensive study of the temperature evolution of
the potential impractical. However, given the large num-
ber of parameters we expect there to be relatively large
region of parameter space in which the phase transition
occurs at a temperature of the order of the electroweak
scale and vu =
√
| 〈Ψ1〉 |2 + | 〈Ψ2〉 |2 <∼ 246 GeV, with the
difference to be made up in the down sector.
VI. BARYOGENESIS
The generic possibility of a strongly first-order phase
transition reopens the possibility of baryogenesis at the
electroweak scale [14, 15]. In addition to the first-order
phase transition, one needs CP violation for a successful
baryogenesis. The full potential written in Appendix A
has 8 complex parameters; two of these may be elimi-
nated by rotating the complex doublets Ψ1 and Ψ2. This
leaves 6 physical phases; therefore this model can accom-
modate additional CP violation beyond that present in
the Standard Model. If one also includes the down sec-
tor, and allows the two sectors to mix, there are many
more physical CP-violating phases.
This CP-violation in the Higgs sector must be com-
municated to the matter sector for successful baryogen-
esis. This can be accomplished through interactions in
the bubble wall with the top quark; only the top quark
Yukawa coupling is sufficiently large for the interactions
to be thermal equilibrium during the phase transition.
We note that the analysis in this section is similar to [16],
which considered a simpler model with two Higgs dou-
blets and a complex singlet, of which only one doublet
and the singlet acquired a nonzero vacuum expectation
value.
In general, both mass eigenstates Ψ1 and Ψ2 couple
to up-type fermions, and thus the effective Lagrangian
contains terms of the form
− yqǫabT aLΨb1t¯R − y′qǫabT aLΨb2t¯R + h.c., (9)
y′t
tL
t¯R
Ψ2
Ψ1
〈S1〉
AS12
FIG. 5. One of the diagrams that modifies the phase of the
top quark Yukawa coupling.
where TL = (tL, bL) is the doublet which includes the
left-handed top and bottom quarks, and a, b are SUL(2)
indices. We recall that yq and y
′
q are proportional to each
other, as described by equation (6), which suppresses FC-
NCs. If we write the vacuum expectation values of the
doublets after spontaneous symmetry breaking as
〈Ψ1〉 =
(
0
ξ1e
ıθ1
)
〈Ψ2〉 =
(
0
ξ2e
ıθ2
)
, (10)
then these terms become(
yqξ1e
ıθ1 + y′qξ2e
ıθ2
)
tLt¯R + h.c., (11)
which gives the standard top quark mass term; the po-
tentially nonzero phase is absorbed in a rotation of the
top quark. To simplify our analysis, we will assume that
ξ1 ≫ ξ2; this is particularly reasonable since the mass
term of Ψ1 in the effective potential is negative but the
mass term of Ψ2 is positive. Therefore, the dominant
contribution to the top quark’s mass is from the Yukawa
coupling between Ψ1 and the top quark, and thus we
take yt ≈
√
2mt/v = .996. We will define the other vac-
uum expectation values to be 〈S1〉 = ξ3, 〈S2〉 = ξ4, and
〈V3〉 = 2
〈
V 0
〉
= ξ5.
When the various fields acquire nonzero vacuum expec-
tation values, this top quark Yukawa coupling is mod-
ified, and these modifications can introduce a nonzero
physical phase into the coupling. An example of one
such contribution is shown in Fig. 5. The tree-level cor-
rections to the top-quark Yukawa coupling after sponta-
neous symmetry breaking are given by
ytf = yt + y˜tf +
y′t
m22
(
AS12ξ3 + A˜S12ξ4 +AV 12ξ5
+λ′′12ξ1ξ2e
i(θ1−θ2) + λ′12ξ1ξ2e
i(θ2−θ1) + λ′S12ξ3ξ4
+ λV 12ξ
2
5 ) , (12)
where y˜tf summarizes the contributions from diagrams
that do not contribute a net phase. (We have used the
freedom to rotate Ψ1 and Ψ2 to make the parameters
λS12 and λ˜S12 real; we also remind the reader that we
have set up our effective Lagrangian such that the singlets
have zero vev before spontaneous symmetry breaking.)
Let us assume that the corrections are small with re-
spect to yt; then this corrected Yukawa coupling may be
6written as
ytf ≈ yteiφf , (13)
where
φf =
y′t
ytm22
ℑ
(
AS12ξ3 + A˜S12ξ4 +AV 12ξ5 + λV 12ξ
2
5
+λ′′12ξ1ξ2e
i(θ1−θ2) + λ′12ξ1ξ2e
i(θ2−θ1) + λ′S12ξ3ξ4
)
(14)
This change of phase in the Yukawa coupling can be
transformed according to the standard techniques [17],
[18]; the quarks are rotated by an amount proportional
to their hypercharge to eliminate the phase, which intro-
duces a new kinetic term for the top quark which violates
CP. The phase φt can be approximated as space indepen-
dent, although time dependent, because the mean free
path of the top quarks and gauge bosons is small com-
pared to the scale on which φt varies (which is approx-
imately the thickness of the electroweak bubble walls).
Then this additional term in the Lagrangian has the form
of a chemical potential for baryon number. Consequently,
during the transition the free energy is minimized for
nonzero baryon number. If the system could evolve to
the minimum of free energy, it would reach the baryon
density
nB,eq = α
T 2
6
φ˙t, (15)
where α is a constant of order 1; for a simple two-doublet
model, it is 72/111 [17]. During the phase transition, the
sphaleron-induced B + L violation processes drive the
system toward this equilibrium value [19]:
dnB
dt
= 18
Γsp
T 3
nB,eq, (16)
but the minimum of the free energy is not reached be-
cause the transition takes place too quickly.
The sphaleron transition rate is [14, 15, 18]
Γsp =
{
κ(αWT )
4 mW ≤ σαWT
γ(αWT )
−3M7W e
−Esp/T ≈ 0 mW > σαWT
(17)
where κ, σ, and γ are dimensionless constants. For the
Standard Model, κ is expected to be between .1 and 1
[20], while σ is expected to be between 2 and 7 [19].
Integrating the above rate gives the baryon asymmetry
produced during the phase transition
nB = 3ακα
4
WT
3∆φt, (18)
where ∆φt is the change in the phase of the top quark
Yukawa coupling during the phase transition; this is not
the same as φf because the sphaleron B + L-violating
interactions may go out of thermal equilibrium before
the phase transition is complete. The entropy density is
s =
2π2
45
gS(T )T
3, (19)
and so baryon-to-entropy ratio after the phase transition
is
nB
s
=
135α
2π2gS(Tew)
κα4W∆φt. (20)
To match the observed value of nB/s ∼ 10−10, the change
in phase must be of order 10−2 (assuming gS(Tew) ∼
100). This is a reasonable number; given the form of
equation (14), we expect this to be satisfied for a rela-
tively large region of parameter space. Thus, we conclude
that the electroweak phase transition in the strongly cou-
pled MSSM can account for the observed matter asym-
metry.
VII. IMPLICATIONS OF THE TRIPLET
VACUUM EXPECTATION VALUE
We have noted in Section V that it is an unavoidable
consequence of this model that the neutral component of
the hypercharge Y = 0 Higgs triplet acquires a nonzero
vacuum expectation value. In this section, we discuss the
phenomenological consequences of this, both in regards
to the ρ0 parameter and neutrino masses.
Models in which a single Y = 0 Higgs triplet acquire a
vacuum expectation value have been considered [21–25];
the low energy behavior of this theory was described in
detail in Ref. [26]. Such models are quite constrained
by precision measurements of the ρ0 parameter, which
is experimentally measured to be ρ0 = 1.0004
+.0003
−.0004 [27].
A triplet nonzero vacuum expectation values modifies ρ0
by [26]
∆ρ0 =
4| 〈V 0〉 |2
v2u
. (21)
We recall that we must have vu ≤ 246 GeV; this means
that we must have | 〈V 0〉 | = | 〈V3〉 |/2 <∼ 2.5 GeV, or
equivalently,
| 〈V3〉 |
vu
≤ 10−2. (22)
If vu ≈ | 〈Ψ1〉 |, we expect | 〈V3〉 | ≈ AV 1v2u/m2V ; the
above condition becomes
AV 1vu
m2V
≤ 10−2. (23)
We expect AV 1 and mV , like the other parameters in the
effective Lagrangian, to be near the electroweak scale.
The exact values of AV 1 and mV are determined from
the high energy (MSSM) Lagrangian through strong dy-
namics, and it is infeasible to estimate them. It may
be that a lattice calculation shows that triplet states are
less strongly bound than the singlet states, and thus have
larger masses, or it may be that the our model requires
some fine-tuning to satisfy this condition. We note that
7V Ψ
Ψ
νR
νL
ν¯L
Ψ
Ψ
νR
νL
ν¯L
FIG. 6. The top diagram shows how the vector vacuum ex-
pectation value can contribute to the neutrino seesaw mass;
the bottom diagram shows that this is just the closure of the
standard seesaw diagram.
if AV 1 and vu are both on the 100 GeV scale, then we
only require mV ∼ O(TeV).
Another concern with the triplet acquiring a nonzero
vacuum expectation value is that generically such vac-
uum expectation values may produce large neutrino
masses [28–31]. However, our triplet, like the rest of
our bound states, is comprised of squarks and true Higgs
bosons, and to lowest order interacts with the neutrino
only through the exchange of Higgs doublet bosons. We
observe, however, that this is just the closure of the usual
seesaw mass diagram; both of these are shown in Fig. 6.
This is suppressed for the same reason the regular see-
saw diagram is; the contribution is y2v2u/mR, which is
suppressed by the large mass value of the right-handed
neutrino.
Thus, although our model may require fine-tuning to
satisfy current experimental constraints, the requisite
fine-tuning is rather small, and the triplet vev does not
generate unacceptably large neutrino masses.
VIII. COLLIDER PHENOMENOLOGY
Finally, we make some qualitative remarks regarding
the collider phenomenology of this model. As we have
shown in Section III, this model has a rather extended
Higgs sector, with numerous states. As a result, it will
be difficult to discern individual states at an experiment
such as the Large Hadron Collider. However, there may
still be detectable consequences.
The gauge singlet states can be detected via deviations
of the Higgs decay branching ratios from the predictions
of the Standard Modal [32, 33].
Many of the Higgs states present in this model carry
color charge; this is in contrast to the Standard Model
and the weakly interacting MSSM, in which the Higgs
sector contains only colorless states. Again, due to the
large number of such states they may be difficult to dis-
cern individually; however, these states may influence
the number and structure of jets observed in high-energy
scattering processes.
Secondly, we have noted in Section III the presence
of a Y = 4/3 triplet which carries color charge. Since
SUC(3) symmetry is preserved, these states must form a
colorless combinations by joining with other colored par-
ticles; most frequently by pulling quarks from the quan-
tum vacuum. This process produces jets with integer
charge. However, some of these jets will carry charge
±2; for example, if a t˜Lt˜L bound state combines with an
up quark.
Additionally, this model predicts numerous singly
charged states; these arise from the extra doublet as well
as the triplets. The Standard Model, in contrast, only has
an electrically neutral Higgs boson, while the MSSM has
one set of ±1 charged Higgs bosons. Furthermore, some
of the singly charged states carry color charge, again in
contrast to the MSSM. Therefore, searches for charged
scalar bosons may produce evidence for our model.
IX. CONCLUSION
We have considered phenomenological implications of
a strongly coupled realization of MSSM [1–3]. The pos-
sibility that supersymmetry breaking could trigger elec-
troweak phase transition leading to a low-energy effec-
tive theory with composite Higgs-like states is intrigu-
ing. Such a strongly coupled realization of MSSM could
reconcile supersymmetry with the relatively high value
of the Higgs boson mass measured at LHC. The model
predicts the existence of additional Higgs bosons, which
can be discovered at LHC or at a proposed future linear
collider. The pattern of electroweak symmetry breaking
is constrained so that the color SUC(3) symmetry is pre-
served.
A generic prediction is the existence of a gauge-singlet
Higgs boson, which gives rise to tree-level cubic terms
in the effective potential. This makes the electroweak
phase transition strongly first-order for generic values of
parameters. The multi-state Higgs sector, which includes
composite Higgs-like states, has a number of CP-violating
phases. The combination of a first-order phase transition
and new sources of CP violation opens a possibility for a
successful electroweak baryogenesis.
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8Appendix A: Effective Potential
In Sections V and VI, we made reference to the ef-
fective potential which describes our strongly interacting
model before electroweak symmetry breaking. In this
appendix, we give the full potential; this is important in
showing that we have sufficient freedom to set the sym-
metry breaking parameters as desired, and so in deter-
mining the tree-level contribution to equation (14). Let
us call the mass eigenstates of the doublets Ψ1 and Ψ2,
and the mass eigenstates of the singlets S1 and S2. We
recall that Ψ1 and Ψ2 are complex fields, while the others
are real. Then the potential can be written as
V (S1, S2,Ψ1,Ψ2, V ) = V2(S1, S2,Ψ1,Ψ2, V )
+ V3a(Ψ1,Ψ2, S1) + V3b(Ψ1,Ψ2, S2) + V3c(S1, S2, V ) + V3d(Ψ1,Ψ2, V ) + V3e(S1, S2)
+ V4a(Ψ1,Ψ2) + V4b(Ψ1,Ψ2, S1, S2) + V4c(Ψ1,Ψ2, V ) + V4d(S1, S2, V ) + V4e(S1, S2), (A1)
where the mass terms are
V2(S1, S2,Ψ1,Ψ2, V ) = −m21Ψ†1Ψ1 +m22Ψ†2Ψ2 +m2S1S21 +m2S2S22 +m2V V TV. (A2)
One of the doublet mass eigenvalues is negative due to the seesaw symmetry breaking mechanism, and we emphasize
that the triplet, V , is real. The cubic terms are
V3a(Ψ1,Ψ2, S1) = AS1S1Ψ
†
1Ψ1 +AS2S1Ψ
†
2Ψ2 + AS12S1Ψ
†
1Ψ2 + h.c.,
V3b(Ψ1,Ψ2, S2) = A˜S1S2Ψ
†
1Ψ1 + A˜S2S2Ψ
†
2Ψ2 + A˜S12S2Ψ
†
1Ψ2 + h.c.,
V3c(S1, S2, V ) = ASV S1V
TV + A˜SV S2V
TV,
V3d(Ψ1,Ψ2, V ) = AV 1Ψ
†
1(σ · V )Ψ1 +AV 2Ψ†2(σ · V )Ψ2 +AV 12Ψ†1(σ · V )Ψ2 + h.c.,
V3e(S1, S2) = ASS
3
1 + A˜SS
3
2 +A
′S21S2 +A
′′S1S
2
2 . (A3)
Finally, the possible quartic terms are
V4a(Ψ1,Ψ2) = λ1(Ψ
†
1Ψ1)
2 + λ2(Ψ
†
2Ψ2)
2 + λ12(Ψ
†
1Ψ1)(Ψ
†
2Ψ2) + λ
′
12(Ψ
†
1Ψ2)
2 + λ′′12(Ψ
†
1Ψ2)(Ψ
†
2Ψ1) + h.c.
+ λ1(Ψ1τΨ1) · (Ψ1τΨ1) + λ2(Ψ2τΨ2) · (Ψ2τΨ2) + λ3(Ψ1τΨ1) · (Ψ2τΨ2) + λ4(Ψ1τΨ2) · (Ψ1τΨ2),
V4b(Ψ1,Ψ2, S1) = λS1S
2
1Ψ
†
1Ψ1 + λS2S
2
1Ψ
†
2Ψ2 + λ˜S1S
2
2Ψ
†
1Ψ1 + λ˜S2S
2
2Ψ
†
2Ψ2
+ λS12S
2
1Ψ
†
1Ψ2 + λ˜S12S
2
2Ψ
†
1Ψ2 + λ
′
S12S1S2Ψ
†
1Ψ2 + h.c.,
V4c(Ψ1,Ψ2, V ) = λV 1Ψ
†
1Ψ1V
TV + λV 2Ψ
†
2Ψ2V
TV + λV 12Ψ
†
1Ψ2V
TV + h.c.,
V4d(S1, S2, V ) = λSV S
2
1V
TV + λ˜SV S
2
2V
TV + λS12S1S2V
TV + λV (V
TV )2,
V4e(S1, S2) = λSS
4
1 + λ˜SS
4
2 + λ
′
SS
3
1S2 + λ˜
′
SS1S
3
2 + λSSS
2
1S
2
2 .
(A4)
We note that the following 8 parameters are generally
complex: AS12, A˜S12, AV 12, λ
′
12, λS12, λ˜S12, λ
′
S12, and
λV 12.
In principle, all of the many parameters that appear
in this Lagrangian are determined by the high energy
theory through strong dynamics; however, it is not fea-
sible to calculate them from first principles, although
some advanced lattice techniques could make it possi-
ble. We expect the generic values of these parameters to
lie between the supersymmetry-breaking scale and the
electroweak scale. Given the large number of parame-
ters, we expect there to be region of parameter space in
which the phase transition occurs at temperatures on the
electroweak scale (which is closely related to the barrier
height), and that the doublet vacuum expectation values
satisfy vu =
√
| 〈Ψ1〉 |2 + | 〈Ψ2〉 |2 <∼ 246 GeV.
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